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Disclaimer 
 
This document was prepared as an account of work sponsored by an agency of the 
United States government. Neither the United States government nor Lawrence 
Livermore National Security, LLC, nor any of their employees makes any warranty, 
expressed or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise does not necessarily constitute or 
imply its endorsement, recommendation, or favoring by the United States 
government or Lawrence Livermore National Security, LLC. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United 
States government or Lawrence Livermore National Security, LLC, and shall not be 
used for advertising or product endorsement purposes. 
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Fig. 1.  Artist’s conception showing a single neutral 
beam (blue highlight) mounted on SSPX spheromak. 
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Abstract 
 
Results from the SSPX spheromak experiment provide strong motivation to add 
neutral beam injection (NBI) heating. Such auxiliary heating would significantly 
advance the capability to study the physics of energy transport and pressure limits for 
the spheromak. This LDRD project develops the physics basis for using NBI to heat 
spheromak plasmas in SSPX.  The work encompasses three activities: 1) numerical 
simulation to make quantitative predictions of the effect of adding beams to SSPX, 2) 
using the SSPX spheromak and theory/modeling to develop potential target plasmas 
suitable for future application of neutral beam heating, and 3) developing diagnostics 
to provide the measurements needed for transport calculations. These activities are 
reported in several publications. 
Introduction/Background 
The Sustained Spheromak Physics Experiment (SSPX) at Livermore (Fig. 1a) was 
built to examine key physics questions related to the potential of the spheromak to 
operate as a magnetic confinement fusion device.  The primary attractive feature of the 
spheromak concept is that, rather than using external coils, it uses currents in the plasma 
itself (driven by an internal plasma dynamo) to produce the confining toroidal magnetic 
field.  This could lead to smaller, simpler fusion power plants.  At present, it is unknown 
if the spheromak configuration can 
provide sufficient energy confinement to 
allow the plasma to be heated to 
thermonuclear temperatures.   
Using SSPX, we are learning how to 
control the internal current profiles to 
simultaneously maximize the strength of 
the confining magnetic field while 
minimizing internal turbulence and heat 
loss [1,2,3,4,5,6,7,8,9].  So far, peak 
plasma electron temperatures reach 
Te~500eV, edge magnetic fluctuations 
fall below 0.5%, and the electron thermal 
transport is in the range observed in 
tokamaks, levels of performance which 
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are well beyond those achieved in earlier spheromak experiments [10].  Experimental 
results are well connected to recent advances in numerical simulation of SSPX 
[11,12,13].  This progress provides strong motivation for adding auxiliary heating.  Until 
now, spheromak plasmas were heated solely by resistive dissipation of internal plasma 
current (ohmic heating). The DOE renewed funding for the SSPX project for FY06-09 at 
a level that supported installing 1.8MW of neutral beam heating in FY08.  Two 900kW 
beams were scheduled to be purchased from the Budker Institute in Russia. An artist’s 
sketch of one such beam mounted on SSPX is shown in Fig. 1. However, the SSPX 
program was shutdown at the end of FY07 and program funds redirected. This precluded 
purchase of the beams and an experimental test of neutral beam injection on SSPX. 
The high performance of the SSPX experiment, combined with the expectation that 
NBI heating would become available on SSPX in FY08, motivated this LDRD proposal 
to more fully explore the physics of NBI heating in spheromaks.  Because this would be 
the first application of NBI heating to a spheromak, significant questions arise, which we 
explore through a combination of simulation and experiment.  For example, what plasma 
conditions (density, field strength, and confinement) are needed to produce good fast-ion 
confinement and measurable heating?  What injection geometry (e.g. radial or tangential) 
is optimal for the spheromak?  What operating scenarios yield the best target plasmas for 
neutral beam heating? Which beam-based diagnostics are best suited to the operating 
environment to study beam-heated spheromak plasmas?    
This project represents a significant step forward for spheromak research on several 
levels.  First, we are extending the use of a fully benchmarked 2d MHD/transport code 
developed for tokamaks, the CORSICA code [14], to study beam heating and fast-ion 
orbit effects on a self-organized magnetic configuration. Second, in developing target 
plasmas for NBI heating, we are learning how to better control the internal current profile 
and magnetic fluctuations using a variable-current programmable capacitor bank.  Third, 
the availability of neutral beams provides unique diagnostic capabilities such as charge 
exchange recombination spectroscopy.  Finally, the expectation that NBI heating will 
provide a controllable increase in plasma temperature is providing impetus to discover 
the pressure limit in the spheromak configuration. The ratio of the plasma pressure to the 
magnetic field pressure (β=2µonkT/B2) is an important measure of the efficiency of a 
magnetic fusion power plant, and every magnetic field configuration has a maximum β 
for which the plasma maintains MHD stability. Auxiliary heating would provide a clean 
experimental test for the first time in a spheromak. 
 
Results/Technical Outcome 
 
Detailed results on are reported in a series of technical reports, journal articles, 
and conference reports as outlined below. They are organized by the three major 
activities of 1) numerical simulation to make quantitative predictions of the effect of 
adding beams to SSPX, 2) using the SSPX spheromak and theory/modeling to develop 
potential target plasmas suitable for future application of neutral beam heating, and 3) 
developing diagnostics to provide the measurements needed for transport calculations. 
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Numerical Simulations of Neutral Beam Heating and Current Drive 
1. UCRL-JRNL-237238, R. Jayakumar, L.D. Pearlstein, T.A. Casper, T.K. 
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Wood, “Time-resolved Temperature Measurements in SSPX,” August 2006. 
 –6– 
Acknowledgements 
 
The authors gratefully acknowledge the important contributions of T.K. Fowler, 
T.A. Casper, L.L. LoDestro, E.B. Hooper, B. Hudson, J.M. Moller, R.D. Wood, our 
Florida A&M University collaborators: Prof. J. Johnson, E. Mezonlin, J. Titus, and our 
students J.D. King, D. Montez, T. Stewart, A.R. Ludington, R.L. Foster. We would 
also like to thank B.I Cohen and D.D. Ryutov, for many useful discussions. 
 
References 
                                                
[1] R. D. Wood, D. N. Hill, H. S. McLean, E. B. Hooper, B. F. Hudson, and J. M. Moller, “Improved 
magnetic field generation efficiency and higher temperature spheromak plasmas,” submitted to 
Physical Review Letters, December 2007. 
[2]  B. Hudson, H.S. McLean, R. D. Wood, E.B. Hooper, D.N. Hill, J. Jayakumar, J. Moller, C. Romero-
Talamás, T.A. Casper, J.A. Johnson III, L.L. LoDestro, E. Mezonlin, L.D. Pearlstein, “Energy 
confinement and magnetic field generation in the SSPX spheromak,” to be published in Phys. 
Plasmas 2008. (Invited). 
[3]  R.D. Wood, B.I. Cohen, D.N. Hill, E.B. Hooper, S. Woodruff, H.S. McLean, and B.W. Stallard, 
"Improved Operation of the SSPX Spheromak," Nucl. Fusion 45, 1582 (2005). 
[4]  H.S. McLean, R.D. Wood, B.I. Cohen, E.B. Hooper, D.N. Hill, J.M. Moller, C. Romero-Talamás, S. 
Woodruff, “Transport and fluctuations in high temperature spheromak plasmas,” Phys. Plasmas 13, 
056105 2006 . UCRL-JRNL-216651. (Invited). 
[5]  R. D. Wood, D. N. Hill, E. B. Hooper, H. S. McLean, D. Ryutov, and S. Woodruff, “Comparison of 
Deuterium and Hydrogen Experiments in the Sustained Spheromak Physics Experiment,” J. Nucl. 
Mat. 337-339, 548 (2005). 
[6] S. Woodruff, B. W. Stallard, H. S. McLean, E. B. Hooper, R. Bulmer, B. I. Cohen, D. N. Hill, C. T. 
Holcomb, J. Moller, and R. D. Wood, "Increasing the Magnetic Helicity Content of a Plasma by 
Pulsing a Magnetized Source," Phys. Rev. Letters 93, 205002 (2004).  
[7] S. Woodruff, B. I. Cohen, E. B. Hooper, H. S. Mclean, B. W. Stallard, D. N. Hill, C. T. Holcomb, R. 
D. Wood, G. Cone, C. R. Sovinec, “Controlled and spontaneous magnetic field generation in a gun-
driven spheromak,” Phys. Plasmas 12, 052502 (2005) . 
[8]  B. I. Cohen, E. B. Hooper, R. H. Cohen, D. N. Hill, H. S. McLean, R. D. Wood, S. Woodruff, C. R. 
Sovinec and G. A. Cone, "Simulation of spheromak evolution and energy confinement,” Phys. 
Plasmas 12, 056106 (2005). (Invited). 
[9]  S. Woodruff, D. N. Hill, B. W. Stallard, R. Bulmer, B. Cohen, C.T. Holcomb, E. B. Hooper, H. S. 
McLean, J. Moller, R. D. Wood, "A new mode of operating a magnetized coaxial plasma gun for 
injecting magnetic helicity into a spheromak," Phys. Rev. Letters 90, 095001 (2003). 
[10] T.R. Jarboe, Plasma Phys. Control. Fusion 36, 945 (1994). 
[11]  C. R. Sovinec, B. I. Cohen, G. A. Cone, E. B. Hooper, and H. S. McLean, Numerical Investigation 
of Transients in the SSPX Spheromak, Phys. Rev. Lett. 94, 035003 (2005). 
[12]  B.I. Cohen, E.B. Hooper, R.H. Cohen, D.N. Hill, H.S. McLean, R.D. Wood, and S. Woodruff, C.R. 
Sovinec and G.A. Cone, “Simulation of Spheromak Evolution and Energy Confinement,” Phys. 
Plasmas 12, 056106 (2005) UCRL-CONF-207873 (November, 2004). 
[13]  E. B. Hooper, T. A. Kopriva, B. I. Cohen, D. N. Hill, H. S. McLean, R. D. Wood, S. Woodruff, C. 
R. Sovinec, “Magnetic reconnection during flux conversion in a driven spheromak,” Phys. Plasmas 
12, 092503 (2005), UCRL-JRNL-208364. 
[14]  E.B. Hooper, L.D. Pearlstein, R.H. Bulmer, Nucl. Fusion 39, 863 (1999). 
